Abstract-A modular power electronic converter, with a cascaded H-bridge multilevel inverter, has been proposed as the grid interface for a large direct-drive wind turbine generator. The present study is to investigate the potential and requirement of fault-tolerant operation in such a system. As each module is connected to isolated generator coils, tolerance to a module or coil fault is possible if the affected module can be bypassed, whereas the control of the healthy modules can be adjusted accordingly. A boost rectifier scheme on the machine side of the power conversion stage has been developed for this purpose, featuring control of the coil current without measuring the electromotive force. A coordinated dc-link voltage controller has been developed, which can rapidly raise the dc-link voltage of the remaining modules to compensate for the loss of a module while ignoring the ripple in the dc link due to low-frequency inverter switching. The ability of the resultant system to tolerate module faults has been demonstrated on a small-scale laboratory prototype.
the need of a fully rated converter lead to high system cost. The specially designed generator can also be unreliable, and power electronic converter failure has been a main cause of shutdown [3] , [4] . For systems that are difficult to access, e.g., offshore wind turbines, reliability is highly desired, as is fault tolerance, which is the ability for the turbine to work at reduced power when part of it has failed. Several generator designs have been produced, aiming to mitigate some of the problems previously mentioned [5] , [6] . These include slotted, slotless, and ironless designs and feature a modular configuration. One of these is the slotless design, with individually encapsulated nonoverlapping coils mounted along the air gap and with permanent-magnet excitation. Compared with a slotted design, the air-gap closing forces are greatly reduced, allowing a much lighter supporting structure, although the generator diameter is increased to increase the peripheral speed. The use of many identical coils means that the coils can be mass produced, giving lower cost and potentially higher reliability if fault tolerance can be provided.
A grid interface has been developed for such a generator, based on a modular cascaded H-bridge multilevel voltagesource inverter [7] , as outlined in Fig. 1 . The use of a multilevel inverter allows a high output voltage (e.g., 11 kV) while still using 1200-or 1700-V switching devices and low output voltage distortion with low device switching frequency. The cascaded multilevel inverter was shown to have a small component count among available multilevel topologies and has the potential for a modular construction to reduce the cost and to implement fault tolerance [8] .
The converter consists of a number of modules attached to the generator, each having its own dc link. The modules are supplied by boost rectifiers, allowing the dc-link voltage to be maintained with a changing turbine speed. The boost rectifier means that a sinusoidal current can be drawn from the coil, and the magnitude of each coil current can be varied to compensate for the difference in electromotive force (EMF) caused by generator structural eccentricity. The generator is designed to produce an eight-phase output, with 135
• phase shift between adjacent coils; pairs of coils can be selected with 90
• phase shift to smooth the power into the dc link. A three-phase input could be adopted but would require three coils per module.
The output stage of a module is an H-bridge cascaded with several others to form a one-phase multilevel inverter. The fundamental frequency switching instants are chosen, so that the sum of all the modules is a waveform with low distortion. Three one-phase inverters form a three-phase output from the turbine. This allows a high voltage to be achieved without a step-up transformer, provided that the modules and coils are adequately insulated from the generator structure. Each phase of the inverter has two parallel strings of modules that are connected to the grid via coupling inductors, which prevent large circulating currents if the switching instances of each string are slightly different.
A consequence of a generator with air-gap windings is that the coil inductance is low, requiring a high switching frequency for the rectifiers to limit the current ripple. This requirement and the desire to use cheap and easily available switching devices mean that devices with low voltage rating are preferred, and a large number of modules will be needed to achieve a high output voltage. This is in line with the requirements of fault tolerance of the system and the waveform quality of the synthesized output voltage.
The switching strategy for the inverter is shown in Fig. 2 and has been covered in detail in [7] , where α 1 − α 4 are the switching instants (angles) of the H-bridge inverter module. The switching strategy aims to share power between modules. The total real power is controlled by the phase difference between the inverter and grid voltages, whereas reactive power is controlled by the module dc-link voltages to vary the total output voltage. The dc link can be controlled by the current demand for the input rectifiers. This system allows the dc-link voltages for all the modules to be balanced, even when the power sharing between modules is not strictly equal.
Each module contains a microcontroller, which handles the control of the boost rectifiers and the regulation of the dc-link voltage. A distributed control architecture is proposed for the inverter, estimating the position of the grid voltage and setting the inverter output voltage accordingly to achieve the required output power [9] . In the prototype system described later, the modules communicate with each other using a controller area network (CAN) bus, which allows the estimated grid voltage positions of all the modules to be synchronized.
Although the basic operating principle of such a system in the steady state has previously been shown [10] , the fault-tolerance capability has not been demonstrated and evaluated. For reasons that will become clearer later in this paper, fault-tolerant operation relies on rectifier control, which is also responsible for dc-link voltage regulation; this was assumed to be ideal in previous studies. Furthermore, it is important to coordinate the control of different modules during the fast transient, and so, the fast detection of a module failure is also important. This study aims to explain the requirements of fault-tolerant operation and to investigate the techniques that can be used to satisfy such requirements. It is expected that the experience will also be useful to research engineers developing modular generator systems with power electronic interface for directdrive or semidirect-drive wind turbines, or other variable-speed power generation applications.
II. FAULT-TOLERANCE CONSIDERATIONS
The modular power conversion and control stage is able to tolerate faults in one or more modules, so long as the affected modules can be bypassed at the output and the machine coils are protected from sudden collapse in the dc-link voltage. A coil can be isolated from a faulty converter module by the use of a fuse link or miniature circuit breaker. As the power conversion stage is a significant source of failure, an arrangement offering fault tolerance is highly desirable. It is particularly important in this system, where the mounting of the converter modules on the generator structure means that replacement is not trivial. The high component count of the multilevel inverter may reduce the reliability, compared with that of a standard two-level inverter, but the introduction of fault tolerance can enable the overall availability to exceed that of an individual module [10] .
Fault-tolerant modular cascaded multilevel inverters have been used, mostly for medium-voltage motor drives, with the dc links fed from the grid through rectifiers and isolated transformer windings [10] [11] [12] [13] . In the event of a module fault, the faulty module is bypassed, and the resulting voltage imbalance is corrected by changing the phase angle between modules. The requirements for fault tolerance in the proposed system differ in several ways.
1) The motor drive can operate at a reduced output voltage after a module fault, whereas the proposed system must maintain the output voltage as this is directly dependent on the grid voltage. 2) Many motor drives can briefly cease providing power while they reconfigure after the loss of a module [10] . This is undesirable in a wind turbine grid interface as the turbine speed needs to be regulated. A sudden drop in the exported power would also reduce the power quality.
3) The grid interface neutral point is likely to be connected to ground in the present case in order to detect phase-toground faults, so it cannot always be shifted to compensate for an unbalanced voltage output.
In the event of a module failure, the affected module must immediately be bypassed, in order for the output current to continue to flow. The exact mechanism of bypassing the module will not be considered, but insulated gate bipolar transistors (IGBTs) of press pack type will generally fail in short circuit. The devices in the output H-bridge inverter of a module can all be gated on to provide a bypassing short circuit upon detecting an upstream failure. It is noted that the bypassing mechanism must operate, even if the module controller has failed, ideally if the controller stops sending a signal. If the module controller is still operating, then it must be able to recognize that a fault has occurred in order to activate the bypass circuit, and the means of detecting the fault depends on the nature of the fault. 1) Coil and rectifier faults will result in no power being drawn from the faulty coil or rectifier, and a high current demand in the remaining coil. In the test system, the module controllers are supplied by an external 12-V supply through an isolating dc-dc converter, but in a full-size system, they will be fed from local dc links. This means that any crash in the dc-link voltage will cause the controller to fail, triggering the bypass circuit. The loss of a module means that the total output voltage of the inverter will drop, leading to a surge in reactive power. The drop in inverter voltage will appear to the inverter control system as a sudden rise in the grid voltage, and the modules will react by increasing the dc-link voltage, so that the inverter reactive power output is under control. Operation during a module fault indeed depends on the response of the dc-link voltage and rectifier control, which can be used to signify fault occurrence and activate the fault-tolerant mode.
The loss of a module will result in the inverter producing a distorted voltage waveform, and the module-switching instants must be changed accordingly, which requires the remaining modules to know the position of the failed module in the switching sequence. If the failed module still has a functioning controller, it can recognize the failure through the methods already mentioned and broadcast a message on the CAN bus to inform the other modules. If the module controller is not functioning, then other modules can identify the sequence of the failed module by analyzing the current waveform [14] or, as the modules are continuously communicating on the CAN bus, simply noticing the absence of message from the module. The latter has been adopted in this study.
III. RECTIFIER CONTROL
Control of the rectifier consists of controlling the coil current to be sinusoidal at the correct magnitude and close in phase with the coil EMF, which maximizes the coil utilization. The use of boost rectifiers allows the dc-link voltage to be independently varied of the generator speed, so that the generator speed can vary over a large range to improve power point tracking under variable wind conditions. In order to draw a coil current in phase with the coil EMF, the EMF angle and magnitude must be tracked, and this is part of the rectifier control system.
A. Rectifier Current Control
The rectifier equivalent circuit is shown in Fig. 3 . Each generator coil connected to the rectifier produces an EMF e n , where n = 1 or 2, which is sinusoidal, and the EMFs of the two coils in the same module have a 90
• phase shift. The use of concentrated nonoverlapping coils, which is permitted by an increased diameter of the machine [15] , means that the mutual inductance between the coils is small and will be ignored. Consequently, only the self-inductance L and resistance R are considered. The rectifier is pulsewidth modulation (PWM) switched and applies a time-averaged voltage v n to the coil, which depends on the PWM duty cycle d and the module dclink voltage v dc according to
where, again, n = 1 or 2.
The coil current is controlled in a voltage feedforward structure, where the sinusoidal terminal voltage necessary to achieve the desired current is calculated to predominantly set the rectifier duty cycle d 1 or d 2 . Fig. 4 shows the phasor diagram for the terminal voltage V , given the coil resistance R and inductance L, as well as the desired current I * . E is the EMF, and ω is the angular frequency observed with a phaselocked loop (PLL) to be described later.
Calculation is carried out in a rotating qd reference frame with the q-and d-axis aligned to the estimated EMF of the two coils associated with the module, with the q-axis leading the d-axis by 90
• . The voltage equation is shown in
where I * d and I * q are the desired coil currents in the rotating reference frame. V ffd and V ffq are the feedforward coil voltages. The EMF magnitude is proportional to the generator speed and is estimated as E = kω, where k is a constant.
The instantaneous voltages to be applied to the coils v ff1 and v ff2 can be obtained from transformation to the stationary reference frame: e −jθ , where θ is the electrical angle between the q-axis and the magnetic axis of the leading coil in the module, as to be estimated. A problem with this approach is that the rectifiers used do not allow the coil current and the applied voltage to have different signs. Around zero crossing, there is a region where the current has passed through zero, but the feedforward voltage that would need to be applied to the coil to achieve the desired current has not, as implied in Fig. 4 . Therefore, the voltage that causes the current to continue after zero crossing in the desired trajectory cannot be achieved in this region, leading to distortion after current zero crossing, i.e., the so-called "cusp" distortion [16] . The voltage actually applied to the coil is opposite to the desired polarity. This problem can largely be attenuated by including a current proportional control term in the module microcontroller to generate an additional voltage demand that cancels the duty cycle associated with the feedforward voltage. In other words, if the applied voltage is to be in the opposite desired polarity, the current control will reduce the voltage ideally to zero. The current control is implemented in the stationary reference frame, where the current reference is sinusoidal, so that its gain can readily be set to provide adequate correction, following current zero crossing, but not to significantly affect the rest of the control cycle.
The proportional current controller acts on the rectifier duty cycles, after the conversion of the feedforward voltage to the stationary reference frame, and operates independently on the two coils. It can also compensate for the error in the estimated EMF position, which would otherwise lead to large coil current flowing. The complete current control loop is shown at the top part of Fig. 5 , where the feedforward calculation block implements (2) . The bottom part of Fig. 5 is for machine EMF estimation, which is described next.
B. Machine EMF Estimation
The calculation of the feedforward voltage and the reference current for the aforementioned proportional controller requires the knowledge of the machine EMF angle θ and the machine speed. This is supplied by an observer system based on a PLL, which is often used for EMF estimation purposes [17] [18] [19] .
In the PLL, a reference value of the EMF angleθ is obtained by integrating an estimation of the machine speedω. The instantaneous angle of the coil EMF is also calculated based on the coil current, the applied terminal voltage, and the inductance and resistance parameters. This is compared to the EMF angle reference, and the phase error between the two is used to drive a loop filter, which provides the estimation of the machine speed. If the estimated EMF angle is found to lag the calculated EMF angle, the phase error will result in an increase in the estimated machine speed, until the estimated EMF angle matches the calculated angle. How quickly this happens depends on the design of the loop filter.
The complete rectifier control loop is shown in Fig. 5 . The machine EMF is calculated in the rotating dq reference frame at the "EMF Estimation" block using
where E is the calculated EMF, V is the voltage applied to the coil, and I is the coil current. V must be calculated from the rectifier duty cycles after the proportional controller has been applied and will be a combination of the feedforward voltage and the application of the current proportional controller.
As the rotating reference frame used for the calculation is aligned to the estimated EMF position, the phase angle of V relative to the q-axis will give the phase error φ between the estimated EMF and the actual EMF, and this is calculated in the EMF Estimation block and forms the input to the PLL loop filter.
The design of the loop filter determines the dynamics of the EMF estimation system but will only briefly be considered here as it has little impact on the response of the system to module faults. The following issues must be taken into account when designing the loop filter. 1) In order to avoid a steady-state error in the estimated EMF angle for a constant turbine speed, the loop filter should contain an integrator. 2) The bandwidth of the loop should be greater than the mechanical time constant of the turbine rotor-shaft system. As the rotor dynamics are nonlinear, the time constant will vary, depending on the conditions, between around 5 s at 4-m/s wind and 1.8 s at 12-m/s wind [20] . 3) The "cusp" distortion problem in the rectifiers results in spikes in the calculated EMF position at the current zerocrossing points of the two coils in the same module, at four times the EMF frequency. In the full-size turbine, the spikes will be at frequencies between 50.4 and 158.4 Hz, and the loop filter should prevent these spikes from affecting the estimated EMF.
A loop bandwidth of around 5 Hz will allow the controller to track the turbine speed while providing adequate attenuation for the spikes in the calculated EMF position. In order to avoid a steady-state phase error at constant turbine speed, which would lead to an incorrect coil current, the loop filter takes the form of a proportional-integral (PI) controller.
IV. DC-LINK VOLTAGE CONTROL
Control of the module dc-link voltage is complicated by the one-phase nature of the module's H-bridge inverter, which draws pulsating power, causing significant ripple in the dclink voltage. Each module's H-bridge is usually switched at the fundamental frequency, in an asymmetrical pattern shown in Fig. 2 , with the positive and negative half-cycles being switched at different times relative to the reference fundamental voltage waveform. This means that the module's dc-link voltage ripple will contain components at the grid fundamental, as well as harmonic frequencies, with the levels of each harmonic depending on the module's position in the switching sequence.
Controlling the rectifier output current to keep the dc-link voltage constant can minimize the low-frequency currents in the capacitors, reducing the size requirements [21] . However, this will result in the machine coil currents being modulated with the grid frequency. While the vibrations caused will balance out between the coils connected to the three phases of the converter, there will be localized stresses, which are undesirable in a generator with a lightweight flexible structure. To avoid this happening, the dc-link voltage controller cannot be allowed to react to the dc-link voltage ripple.
A simple way to control the dc-link voltage is to use a PI controller with a very narrow bandwidth, which is significantly below the dc-link voltage ripple frequencies. Such a controller is unable to react to sudden changes in system operation, such as module or grid faults, and is not fast enough to compensate generator air-gap eccentricity. Instead, a moving average filter can be used to filter out the dc-link voltage ripple at the grid frequency and higher harmonics, with minimal attenuation at lower frequencies, i.e., below 50 Hz. This filtered dc-link voltage is then used in a PI controller to determine the coil current to achieve the desired dc-link voltage, giving an overall control loop shown in Fig. 6 . A 20-step moving average filter, which takes the average value of the previous 20 points sampled at 1 kHz, will provide infinite attenuation at 50 Hz and higher harmonics.
The dc-link voltage V dc is modeled according to (4) , where i r is the current from the rectifiers, i i is the current drawn by the inverter, and C is the dc-link capacitance. i r relates to the rms coil current demand I * c using
where E is the rms EMF, and v dc is the dc-link voltage. It is assumed that the two coil currents in the same module are quadrature to each other, so that the total power is constant. From a fault-tolerance point of view, it is desirable for the dc-link voltage controller to have as fast response as possible. This means that the PI-controller poles and zeroes will be close to the lowest frequency zeroes of the averaging filter, and some interaction will occur. The PI controller controls the coil current demand I * c , so, due to (5), the loop gain varies with the coil EMF, i.e., with the generator speed and turbine operating condition. Because of these, the controller gains were tuned in simulation to achieve an acceptable step response over the operating range of the turbine.
An example of the controller response to a step in the dclink voltage demand is shown in Fig. 7 for a simulated 1.8-MW turbine system operating at different wind speeds. Details of the system can be found in Table III . A more consistent response could be obtained by having the average rectifier output current as the controlled variable and determining the coil current demand from this using the average EMF and dc-link voltage. This was found in simulation not to result in sufficiently better performance to justify the extra complexity. Above 12-m/s wind speed, the turbine speed will be held constant by controlling the pitch of the turbine blades, and the power will be the rated turbine power. In this region, the response of the dc-link voltage controller will be identical to the response at 12-m/s wind speed.
V. TEST SETUP
A test system has been developed using two 2.5-kW axial flux generators, which are driven by an induction motor and variable-speed drive, through a reduction gearbox. The generators each have 12 coils, and pairs of coils can be connected to power electronic converter modules, which have a 90
• phase shift. The module dc-link capacitance was selected such that the percentage voltage ripple is the same as that of a full-size 1.8-MW system where the capacitance was selected based on ripple current absorption.
The generators are connected to 12 converter modules. As the proposed system is based around having an inverter with a large number of levels, the modules are configured as a 25-level one-phase inverter, producing a 230-V rms output voltage for grid connection. This system is shown in Fig. 8 .
For ease of access and programming, the converter modules are designed to plug into a eurocard subrack, which is mounted close to the generators. Each converter module consists of a power board, incorporating the switching devices, capacitors, gate drive, and current and voltage transducers. Attached to the power board is a control board, which was developed around a TMS320F2808 microcontroller, which contains the peripheral devices required by the application. The control board also provides all the optically isolated communication interfaces.
Synchronization of the module grid voltage references is carried out over a CAN bus, which provides an extremely low and deterministic message latency, and is a multimaster system where any module can communicate with any other or all the modules. This makes it ideal for the synchronization mechanism, which is distributed between modules and requires the modules to accurately synchronize to a common time base. The modules also feature an RS485 interface, implementing the MODBUS protocol, for communication with a host PC for status-monitoring and control purposes.
The inverter is connected to the grid through a relatively large 9-mH coupling inductor due to the poor quality of the grid voltage waveform.
VI. EXPERIMENTAL RESULTS
Testing of the system was carried out at a number of operating points, which were chosen to reflect the characteristics of a large turbine, in the power-tracking region between the cut-in and rated wind speeds. In this region, the turbine speed is proportionally varied to the wind speed in order to extract the maximum power, and the turbine power varies with the wind speed cubed. The operating points are shown in Table I . The machine parameters needed in the controller design are R = 0.345 Ω and L = 0.46 mH. The switching frequency of the rectifier was set at 16 kHz. Other system parameters are given in Table III .
A. Rectifier Control
Testing of rectifier control was carried out using a single power module supplied by two coils on the generator, with the output of the module connected to a resistive load. The current in the coil was measured using external probes and captured on an oscilloscope. The estimated EMF in the rotating reference frame and the estimated generator speed were recorded in the module controller and transferred using the RS485 link. The actual generator speed was obtained from the motor drive using a second RS485 link.
Results are shown in Fig. 9 for wind speeds of 12 and 3 m/s. In the 12-m/s condition, a good sinusoidal current is obtained. In the 3-m/s condition, the current control is nearly in the discontinuous mode, and it is not possible to reduce the current any further. The estimated generator EMF in the rotating reference frame features a ripple at four times the coil EMF frequency, due to the action of the current controller around the zero crossing of the current. This leads to a ripple in the estimated generator speed in both of the conditions tested. The lower current with 3-m/s wind speed also leads to a greater level of noise in the estimated generator speed. The calculated feedforward voltage and instantaneous current demand were fetched from the tested module using the RS485 link and subject to a spectrum analysis. The spectra showed little fourth harmonics, indicating that the generator speed estimation ripple is not having a significant effect. 
B. DC-Link Voltage Control
The dc-link voltage control gains for the prototype system were tuned to achieve good performance across the operating range of the system. Performance was first measured on a single module connected to a resistive load, with the resistance set to achieve the desired coil current. The dc-link voltage demand was then stepped from 27.1 to 29.6 V, which is equivalent to the needed response of a healthy module to the loss of a single module when the multilevel inverter is connected to a 230-V one-phase grid. The dc-link voltage and current in one coil were recorded using a digital storage oscilloscope. The measured dclink voltage, after averaging filter, was recorded in the module controller.
The step response of the system in 12-and 3-m/s-wind-speed conditions is shown in Fig. 10 and shows a fast response to the voltage demand, with some overshoot. The filtered dc-link voltage response for all four conditions listed in Table I is shown in Fig. 11 and indicates a strong correspondence with the simulated step response previously shown in Fig. 7 .
The minimum coil current, due to the transition to the discontinuous mode, affects the response of the dc-link voltage in the 3-m/s-wind-speed condition, making the voltage more slowly settle after the overshoot in the response. If the coil current demand is below zero, then the rectifier controller will switch to a mode where short pulses are applied to the rectifier, in order to track the coil EMF with minimum current drawn. In this state, the dc-link voltage is controlled by using a resistor to dissipate power and reduce the voltage, and this state is briefly triggered in the 3-m/s wind condition, after the initial overshoot.
C. Fault Tolerance
As analyzed in Section I, tolerance of module faults has two main requirements for the module controllers. First, the remaining modules must quickly increase their dc-link voltages to compensate for the lost module and maintain the same overall fundamental voltage. Second, the switching instants of these modules must be changed to compensate for the lost module and maintain a smooth ac voltage waveform. These require identifying the failed module.
These requirements were tested. Each module controller has a lookup table, containing the switching instants for all modules, and it selects its own switching instants based on the module address. Compensation for a lost module involves a second lookup table containing the switching instants for a system with one module missing. If the modules are told which one is faulty, then they can reassign their module addresses and calculate the new switching instants based on the second lookup table, which are determined to equalize power sharing between modules before and after the fault.
The lookup tables for 12-and 11-module operation are shown in Table II , which gives the switching angles α 1 and α 2 from Fig. 2 . Switching angles α 3 and α 4 are obtained using
respectively. The system was tested for fault tolerance with grid connection, using a digital storage oscilloscope to capture and record the inverter output voltage and current. One module was made to enter a fault condition using the RS485 communication link, in which the lower two devices of the H-bridge are held on, and the upper devices were off to emulate the action of the bypass circuit. The module also ceases communications on the CAN bus. A system to detect the faulted module has not been implemented, so, to allow the remaining modules to reconfigure their switching times, the address of the faulted module was sent by the host PC using the RS485 link.
The grid and inverter voltage, as well as the inverter output current waveforms, in the 10-m/s-wind-speed condition with no module faults are shown in Fig. 12(a) . The distortion in the current waveform is due to significant distortion of the grid voltage in an office building, as shown in the figure. The waveforms after the fault of a single module, with the dc-link voltages of the remaining modules raised to keep the overall voltage magnitude constant, are shown in Fig. 12(b) . The distortion in the inverter voltage waveform leads to spikes in the current waveform. The waveforms after the inverter switching instants have been updated to compensate for the lost module are shown in Fig. 12(c) . The inverter voltage waveform is now smooth, and additionally, the spikes in the current waveform, as previously shown, are removed.
To demonstrate that a distortion-free current waveform can be produced, even with a distorted grid voltage, a switching strategy based on phase-shifted PWM was implemented. A feedforward voltage was calculated based on the desired real and reactive power outputs, and a proportional controller was used to force the current to follow a sinusoidal waveform. This is similar to the system used in the rectifier current controller. Fig. 13 shows the test results in the 10-m/s-wind-speed condition. It is clear that the third harmonic was now largely absent in the current waveform.
Testing of the dynamic reaction of the system to a module fault was also carried out. The inverter voltage and current were logged as a data file using a digital storage oscilloscope, whereas the dc-link voltage of one module was recorded on the module controller, along with the voltage demand, and downloaded over the RS485 link. The tests were carried out at the 9-m/s-wind-speed condition, with a grid connection, and the module fault was set to occur at the peak of the inverter voltage waveform.
The response over a longer time scale is shown in Fig. 14 controller is able to react as fast as this change in the voltage demand, and the dc-link voltage is rapidly raised to the new value. In this test, the restoration of the multilevel-inverter output voltage was achieved in less than two fundamental cycles. The ability of the dc-link voltage controller and the grid voltage magnitude estimator to rapidly adjust to the loss of a module means that the magnitude of the inverter current is not significantly affected by the loss of the module. In general, as the remaining modules compensate for the loss of a module by raising their dc-link voltages, the number of module failures that can be tolerated in each inverter string is mainly determined by the amount by which the remaining modules can raise their dc-link voltages. Tolerance to a large number of module failures could be achieved but would require the switching devices in the modules to handle a larger increase in voltage, which would result in a more expensive system than that with a lower level of fault tolerance. The 1.8-MW full-size system, as summarized in Table III , was designed based on being able to lose two modules out of a string of 13, which would require the module dc-link voltage to increase by about 18%.
VII. CONCLUSION
The study has shown that fault tolerance can be achieved with the proposed system configuration and control strategy, but a series of requirements must be met. There must be a means to detect fault occurrence and identify the position of the failed module, which should then be bypassed. Several fault detection methods are analyzed, and one is tested based on monitoring the dc-link voltage. In most faults, which cause the dc link of affected module to collapse, the output H-bridge inverter is naturally bypassed by gating on all the switching devices when the dc-link voltage is already very low, i.e., near zero. An additional bypassing arrangement, such as a typical snubbed antiparallel thyristor pair, would be needed for open-circuit faults of the H-bridge inverter, which would be rare if presspack IGBT devices are used in large-scale systems.
Fault-tolerant operation also puts requirements on the dynamic control of the module dc-link voltages and the switching instants of the H-bridge inverters. The dc-link voltages of the remaining modules can quickly be increased and stabilized using the boost rectifier to hold the reactive power output constant. The switching instants of the H-bridge inverters can be updated to constrain the harmonic content in the output voltage. Experiments have been carried out on a scaled-down system to show the control performance of the system with respect to the fault-tolerance requirements. It is expected that the experience gained in the study will be useful to engineers developing modular generator systems with power electronic interface for direct-drive or semidirect-drive wind turbines, or other variable-speed generation applications.
